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ABSTRACT
We present near-infrared interferometric AMBER observations of the B[e] binary V921 Sco at low
(R∼30) and medium spectral resolution (R∼1500) in the K- and H-bands. Low spectral resolution
AMBER data were used to estimate the position of the companion V921 Sco B and confirmed
a clockwise movement on sky with respect to the primary of 33◦ between 2008 and 2012. Our
observations resolve for the first time higher order Brackett lines (Br6–Br12). The modelling of the
different line transitions revealed a decrease in the size of the line-emitting regions from Br3–Br12.
We are able to reproduce this decrease with a simple radiative transfer model of an equatorial disk
in local thermodynamic equilibrium. In addition to the Brackett series, we also resolve permitted
and forbidden Fe line emission. Our modelling shows that these lines originate from ∼2au from the
star, corresponding roughly to the measured dust sublimation region. This might indicate that the
forbidden line emission arises from shock-excitation at the base of a disk wind.
Key words: circumstellar matter – stars: individual: V921 Sco – stars: formation –
stars: pre-main-sequence – stars: emission-line, Be – techniques: interferometric
1 INTRODUCTION
Studying the accretion and outflow processes in young stars
is of fundamental importance for improving our understand-
ing of star and planet formation. Most of the circumstel-
lar disk mass represents gas, in particular hydrogen, that
can be traced by spectral lines. In the near-infrared (NIR),
typical tracers are the Brackett (Br) lines (for Brγ see e.g.
Muzerolle et al. 1998; Weigelt et al. 2006). A sub-class of
intermediate-mass Be stars, the B[e] stars, show forbidden
line emission. Forbidden line emission, first identified almost
a century ago, has been repeatedly observed in the spec-
tra of hot stars (e.g., Merrill 1928; Merrill & Burwell 1933;
Allen & Swings 1976) and indicates the presence of a large
amount of low-density, optically thin gas in the circumstellar
environment. Remarkably, the occurrence of forbidden lines,
e.g., [OI], [SII] and [Fe II] and the existence of a strong in-
frared excess seems to be strongly correlated (Swings 1977).
Consequently, the ionised low-density gas must coexist with
other circumstellar material which is dense and cold enough
to form dust and which must be distributed in distinct non-
spherically symmetric regions (Lamers 2006). The forbidden
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lines are expected to emerge at larger spatial scales than
the thermal K-band continuum emission from dust (e.g.,
Davis et al. 2003; Gomez de Castro & Pudritz 1992). The
high mass-loss rate and the occurrence of the large amount
of low-density gas in B[e] stars might be triggered by a close
companion, and therefore hints to a binary nature of B[e]
stars in general (Miroshnichenko et al. 2007). The different
hydrogen and iron lines are expected to originate from differ-
ent regions of the circumstellar environment. Near-infrared
interferometry provides a unique tool to investigate the dif-
ferent K- and H-band line-emitting regions in a circumstellar
disk on small spatial scales.
One of the brightest stars showing the B[e]-phenomenon
is V921 Sco. This Southern emission line star is an
intermediate-mass object of spectral type B0 with a mass
of ∼8-10M (Borges Fernandes et al. 2007). The nature of
V921 Sco is still under debate. In literature it has been been
classified as a B[e] supergiant (Hutsemekers & van Drom
1990; Miroshnichenko et al. 1995; Borges Fernandes et al.
2007) but also appeared as a Herbig Be star (Arun et al.
2019; Henning et al. 1994; The et al. 1994; Mannings 1994).
The discovery of a circumstellar disk as well as the pres-
ence of 26 stellar sources within 1 arcmin around V921
Sco (Kraus et al. 2012b), with many of them identified as
D
ow
nloaded from
 https://academ
ic.oup.com
/m
nras/advance-article-abstract/doi/10.1093/m
nras/stz3346/5647360 by U
niversity of Exeter user on 15 D
ecem
ber 2019
2 A. Kreplin et al.
2012
Figure 1. Geometric model fit of the AMBER 2012 LR visibilities (left) and closure phases (middle). The model consists of two point
sources representing the central star and its companion, and a temperature-gradient disk centered around the primary. Whereas the
parameters of the temperature-gradient disk were fixed to the values reported in Kraus et al. (2012c), the position of the companion was
fitted. The right panel is a composite of the interferometric image from Kraus et al. (2012b) with the best-fit position for V921 Sco B
overlayed (shown in red).
Table 1. Observation log of the VLTI/AMBER low-resolution (R∼30) K-band and medium-resolution (R∼1500) K- and H-band obser-
vations of V921 Sco.
Mode UT Date UT Time DIT NDIT Telescopes Proj. baselines PA Calibrator
[hh:mm] [ms] # [m] [◦]
LR-KH 2012-06-18 06:00–06:09 100 1000 D0-H0-G1 55.5 / 65.2 / 71.5 -86.2 / 21.7 / -25.9 HD 141687
MR-K 2012-06-01 02:29–02:35 200 200 UT2-UT3-UT4 46.6 / 52.3 / 82.7 -108.8 / 4.4 / 35.6 HD 104479
MR-H 2012-05-06 08:31–08:41 100 490 UT2-UT3-UT4 50.0 / 81.9 / 114.4 50.3 / -11.5 / 11.2 HD 152040
MR-H 2012-06-01 08:01–08:19 100 490 UT2-UT3-UT4 34.1 / 57.8 / 70.2 -154.2 / -58.0 / -29.1 HD 167768
embedded low- and intermediate mass YSOs (Habart et al.
2003), also hints to a young evolutionary stage. Using
our 2008/2009 AMBER observations, we discovered that
V921 Sco is indeed a binary system, consisting of the primary
V921 Sco A and the close (25.0± 0.8 mas; ∼ 29± 0.9 AU at
1.15 kpc) companion V921 Sco B (Kraus et al. 2012b). The
orbital period was estimated to be ∼ 35 years (for a circular
orbit). The orbital motion measured between two epochs in
2008 and 2009 was ∼ 7◦ per year. The K and H band im-
ages clearly show a disk-like structure with indications for a
radial temperature gradient. In this paper, we present new
K- and H-band data of V921 Sco taken in 2012 at low- and
medium-spectral resolution. In contrast to former studies,
we present the first dispersed interferometric observations
in H-band lines of V921 Sco.
In Section 2 we describe the observations and in Section 3
the geometric and LTE modelling. We present the results
and the conclusion in Section 4 and 5.
2 OBSERVATIONS AND DATA REDUCTION
The B[e] star V921 Sco was observed in May and June 2012
in the H- and K-band (∼ 1.6µm and ∼ 2.2µm respectively)
within the observing programs 089.C-0959 and 089.C-0563
with the near-infrared interferometric VLTI/AMBER in-
strument (Petrov et al. 2007; Tatulli et al. 2007). All data
have been reduced using the AMBER data reduction library
amdlib1 version 3.0.9. For the 2012-06-18 low-resolution
(LR) data, we applied the histogram-equalization method
to reduce atmospheric optical-path-length biases in the
calibrated products (for details please see Kreplin et al.
2012). From the LR and medium-resolution (MR) AM-
BER data, 20% with the best fringe-signal-to-noise ra-
tio were selected for further processing and interpretation
(Tatulli et al. 2007). Due to low signal-to-noise-ratio (S/R)
in the MR AMBER data, we only considered data sets
with a Root Mean Square (RMS)< 0.2 for each interfero-
metric quantity (visibility, differential phase, closure phase,
respectively). This lead in the H band to a total of four
usable uv -positions for visibility extraction and two usable
uv -positions for the extraction of a differential phase signal.
In the K band, three uv -positions with usable visibilities and
one uv -position with a reliable differential phase signal have
been selected for further analysis. Whereas we could retrieve
closure phase information for the LR AMBER data, no clo-
sure phase information could be extracted due to low S/R in
all MR data sets. In the MR AMBER data, all spectral lines
were identified using the NIST (National Institute of Stan-
dards and Technology) database2 Kramida et al. (2018). Be-
sides the hydrogen Br3 (Brγ) line at 2.166 µm we find in the
spectrum of V921 Sco transitions ranging from Br6(at 1.737
µm)–Br12(at 1.556 µm) as shown in the top panels of Fig. 2
and in Table 2. The observing log is shown in Table 1.
1 https://www.jmmc.fr/data_processing_amber.htm
2 https://www.nist.gov/pml/atomic-spectra-database
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3 MODELLING
Our study focuses on the modelling and interpretation of
the origin of the hydrogen and permitted and forbidden
Fe line. To be able to interpret the MR AMBER visibili-
ties and phases within different spectral lines it is crucial to
know the underlying spatial distribution of the continuum
emission. Because V921 Sco is a binary system (Kraus et al.
2012b) we have to include the circumstellar environment of
the primary and estimate the binary separation (SEP) and
position angle (PA) at the date of observation. According
to our former analysis of the system, the continuum con-
sists of V921 Sco A hosting the circum-primary disk and the
companion V921 Sco B. To derive the continuum geometry
of the V921 Sco system, we used LR K-band AMBER data
recorded near the date of the recording of the MR data (see
Table 1). The circum-primary environment is described by a
temperature-gradient disk model (TGM; e.g. Kreplin et al.
2012) with the parameters found in Kraus et al. (2012c). As
the companion V921 Sco B moved already about 7◦ between
the 2008 and 2009 epoch, we had to fit the new position
near the epoch of our 2012 MR observations. The combined
continuum visibility Vcont(u,v,λ) of the V921 Sco system can
be written as
Vcont(u,v,λ) = |V˜cont(u,v,λ)| = | fAVA + fBVB + fTGMVTGM|fA + fB + fTGM , (1)
where fA, fB and fTGM denote the fluxes of the primary
V921 Sco A, the secondary V921 Sco B and the circum-
primary disk flux modeled by a TGM, respectively. The vis-
ibilities of the two unresolved stellar components VA and VB
are set to unity. The two-dimensional visibility is a function
of the Fourier coordinates u and v in the uv -plane as well as
the wavelength λ. The model was constructed using our own
developed modelling suite for interferometric data incor-
porating different fitting algorithms (Newville et al. 2014)
as used in former projects (e.g. Kreplin et al. 2016, 2018).
The position of the companion was fitted using a Monte-
Carlo Markov Chain algorithm (emcee) to a separation
SEP=23.5±0.1mas (corresponding to a projected separation
on the sky of ∼26au at a distance of 1150pc) and a position
angle PA=320.3± 0.3◦ The best fit can approximately re-
produce not only the visibilities but also the closure phase
of the LR AMBER data (see Fig. 1). The new position of
V921 Sco B is plotted within the reconstructed near-infrared
composite image (see Kraus et al. 2012c) in the right panel
of Fig. 1.
3.1 Geometric models
For interpretation of the individual spectral lines we em-
ploy a geometric modelling approach for young stellar ob-
jects (YSOs) used in earlier studies (e.g. Kreplin et al. 2018).
The continuum is described by Eqn. 1. The spatial geome-
try of the individual lines are modeled, for simplicity, as two-
dimensional elliptical Gaussian components centered around
the primary component V921 Sco A. The total visibility is
described by
Vtotal(u,v,λ) =
| flineVline + fcontV˜cont|
fline + fcont
, (2)
where fcont = fA + fB + fTGM denotes the total continuum flux
and fline the flux within the line. The PA and axis ratio of the
elliptical Gaussian component are fixed to the parameters
derived by the continuum model of PA=55◦ and a/b=1.52,
where a and b denote the semi-major and semi-minor axis,
respectively (corresponding to an inclination of the system
of 48.8◦; Kraus et al. 2012b). The only free parameter is the
Gaussian half-width-at-half-maximum (HWHM) that is de-
noted as η throughout this paper. Because of the low S/R
of the differential phases, only visibilities have been used for
fitting. Nevertheless, we show the corresponding differen-
tial phases of our best-fit model for comparison. Please note
that although the Gaussian model is centro-symmetric, a
non-zero differential phase is expected due to the complex
continuum geometry. The model differential phase signals
show a consistent trend towards the measured signals. The
fit results are given in Table 2.
3.2 Radiative transfer model
We employ a simple radiative transfer model to compare
the modelled emitting radii of the various hydrogen transi-
tions to expected excitation structures in a typical circum-
stellar disk. The material is assumed to be in local thermo-
dynamic equilibrium (LTE). Please note that the assump-
tion of LTE might underestimate the line intensities in level
populations where non-LTE effects might play a role. This
depends strongly on the temperature and density of the
emitting gas. The possible bias that might be introduced
in the line intensity by the LTE assumption will change
the interferometrically measured size of the line emitting
region only marginally. Data with greater S/R and sophis-
ticated non-LTE modeling will be required to analyse the
gaseous circumstellar environment in detail. In our model,
the material is located in an equatorial disk with a half-
opening angle of 5◦. The disk expands from the stellar sur-
face at a constant vertical density per unit volume (for de-
tails please see Kraus et al. 2012a). The stellar parameters
were adapted from Borges Fernandes et al. (2007), namely
an effective temperature Teff = 14000K, a distance d = 1150pc,
and a stellar radius R = 17.3R. We compute the emitting in-
tensities per unit area and plot them as a function of radius
r (see Fig. 3 left). To compare the relative emission size of
the LTE model to our fitted HWHM we extracted the cen-
troid position from the intensities shown in the left panel of
Fig. 3 with the standard equation xcentroid =
∑
[r · I(r)]/∑ I(r).
In the right panel in Fig. 3, we show a decrease of the emis-
sion size of the higher order Br6–Br12 transitions normal-
ized to the emission size of Brγ (blue data points). Our LTE
model shows a similar trend as seen in our observations (red
curve), reproducing that the higher order Br-lines originate
from a region more compact than the Brγ line emission re-
gion. More sophisticated modelling is needed to explore the
detailed emission characteristic i.e. emission arising from a
Keplerian disk or a disk wind, but this is out of the scope of
this exploratory study.
4 RESULTS
With the LR AMBER data we derived for the companion
V921 Sco B a separation of ∼ 23mas (corresponding to a
projected separation on the sky of ∼ 26au at a distance of
1150pc) and a position angle of -40◦ for our new epoch in
June 2012. The position angle difference of ∼33◦ between
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Figure 2. AMBER medium resolution H- and K-band data of V921 Sco (data points with errorbars). The different baselines and position
angles are indicated with different colors. Our geometric model is plotted as black line (see Sect. 3.1 and Table 2). In each panel we
show top: the normalized spectrum, middle: the differential visibilities (with offsets of 0.5), and bottom: the differential phases (with
offsets of 50◦). The top and bottom-left panel shows the higher order Brackett transitions from Br6–Br12 and FeII and forbidden [FeII]
lines. We plot both spectra (blue and orange) from the two different H-band medium spectral resolution observations (see Table 1). The
bottom-right panel shows the Br3 (known as Brγ) transition at 2.1661µm.
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Figure 3. Left: Radial profile of the line transitions Brγ and Br6-Br12, as predicted from our LTE model for V921 Sco (Kraus et al.
2012a). Right: Size-ratios of the different line-emitting regions (normalized to the size (η) of the Brγ-line emitting region plotted as blue
data points; see Tab. 2). The predicted size-ratios (centroid-ratios; see text) from our LTE model are plotted as dashed red line.
Gas Disk Dust + Gas Disk
Br12 - Br6
Fe II [Fe II]
1.4 au
4.3 au
1.8 au
Brγ
2.3 au
2.8 au
Fe I
Figure 4. Sketch of the circumstellar disk of V921 Sco A. The
different emission line regions are indicated with arrows at their
approximate location (see Table 2) from the central star (not to
scale).
the epochs 2009 and 2012 is well in agreement with the
prediction of ∼28◦ (with an orbital motion of ∼7◦/year;
Kraus et al. 2012c) assuming a circular orbit.
Geometric model-fitting of different hydrogen lines from
Br3–Br12 showed an decrease of the size of the respec-
tive line-emitting regions. With a simple radiative trans-
fer model we could show that this decrease is in agreement
with LTE conditions of ionised gas located in an equato-
rial disk. Near-infrared hydrogen emission lines (e.g. the
Brackett series) as well as forbidden transitions of e.g. [FeII]
trace the ionised components in low density shocked regions
(Ninan et al. 2015) of outflows from young stellar objects
(Bally 2016). Forbidden lines are also typically observed
coming from shock-excited regions in well-collimated jets
(Hodapp & Chini 2014; Gardner et al. 2016) or emerging
from low-density gas further away within the outflows of
young stars (Connelley & Reipurth 2018).
We fitted the approximate size (Gaussian HWHM) of the
origin of the Fe I, Fe II and [Fe II] line emission. The for-
bidden [Fe II] emission arises from ∼ 2mas (corresponding to
∼2.3au at a distance of 1150pc) region close to the inner disk
radius of ∼1.6mas (corresponding to ∼1.8au at a distance of
Table 2. Best-fit parameters of the line visibility fits.
λ Transition η η χ2red
[µm] [mas] [au]
2.166 Br 3 (Br γ) 3.77±0.10 4.33±0.10 1.18
1.737 Br 6 2.37±0.03 2.72±0.03 1.03
1.681 Br 7 2.32±0.02 2.67±0.02 1.04
1.641 Br 8 2.39±0.11 2.75±0.11 1.04
1.611 Br 9 1.77±0.01 2.03±0.01 1.03
1.589 Br 10 1.23±0.40 1.41±0.40 1.03
1.571 Br 11 1.53±0.15 1.76±0.15 1.02
1.556 Br 12 1.37±0.08 1.58±0.08 1.04
1.576 Fe I 1.89±0.12 2.17±0.12 1.05
1.677 [Fe II] 2.16±0.11 2.48±0.11 1.12
1.687 Fe I 3.17±0.09 3.64±0.09 1.07
1.711 [Fe II] 2.01±0.12 2.31±0.12 1.05
1.741 Fe II 1.52±0.15 1.75±0.15 1.05
1150pc). The Fe I line emission originates from a region be-
tween ∼ 1.9mas and ∼ 3mas whereas the Fe II emission arises
from a more compact region (∼ 1.5mas, corresponding to
∼1.7au at a distance of 1150pc). We illustrate the location
of the different emission line regions in Fig. 4.
5 SUMMARY AND CONCLUSION
V921 Sco represents an ideal target to study the different
line-emitting regions and the origin of the B[e] phenomenon
in detail, due its strong permitted Fe I, Fe II and forbidden
[Fe II] line emission (see Fig. 2) and the companion detected
in our reconstructed image of the 2008 data (Kraus et al.
2012b).
For the first time higher order Br-lines have been resolved in
the circumstellar environment of a B[e] star. The following
results can be reported:
• The companion V921 Sco B shows an orbital movement
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of ∼ 33◦ between 2008 and 2012, in agreement with our pre-
diction (Kraus et al. 2012c).
• Our modelling of the H-band visibilities shows that the
size of line-emitting region decreases systematically between
the Br3 and the Br12 transition. This decrease can be re-
produced with a simple radiative transfer model assuming
the gas is in LTE conditions and arranged in a circumstellar
disk.
• The permitted and forbidden Fe line emission arises
from approximately the same location as the dust sublima-
tion region. This could hint to a shock-excitation at the base
of an disk wind or outflow.
Better S/R data and sophisticated radiative transfer mod-
elling is required in order to determine whether the high or-
der Brackett lines originate from a Keplerian disk or a disk
wind (Tambovtseva et al., submitted; Kreplin et al. 2018;
Tambovtseva et al. 2017).
This is the first interferometric study in H-band emission
lines and shows the great potential of interferometric H-band
observations at a decent spectral resolution. With more and
better quality spectrally dispersed H-band interferometric
data one will be able not only to constrain the emission sizes
of the different hydrogen transitions but also to determine
the kinematics as well as the outflow geometry.
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